Two independent biological replicates of estrogen depletion were employed with differing drug treatment conditions. Data Set I consisted of 9-month-old New Zealand white female rabbits treated as follows: sham-operated (n ¼ 11), ovariectomized (OVX; n ¼ 12), OVX þ 200 mg kg À 1 alendronate (ALN), 3 Â a week for 27 weeks (n ¼ 12) and OVX þ 10 mg kg À 1 Cathepsin-K inhibitor (CatKI) daily for 27 weeks. Data Set II consisted of 6-month-old New Zealand white female rabbits that were sham-operated (n ¼ 12), OVX (n ¼ 12) or OVX þ 0.05 mg kg À 1 17b-estradiol (ERT) 3 Â a week for 13 weeks (n ¼ 12). Samples from the cortical femur were polished and demineralized to make them suitable for atomic force microscopy (AFM) imaging. Type I collagen fibrils present in bundles or sheets, running parallel to each other, were combined into a class termed Parallel. Fibrils present outside of such structures, typically in images with an angular range of non-parallel fibrils, were combined into a class termed Oblique. The percentage of fibrils coded as Parallel for Sham animals in Data Sets I and II was 52% and 53%, respectively. The percentage of fibrils coded as Parallel for OVX animals in Data Sets I and II was 35% in both cases. ALN and ERT drug treatments reduced the change from 18 to 12%, whereas CatKI treatment reduced the change to 5%.
Introduction
Reduction in estrogen level affects over 75 million people worldwide by inducing Osteoporosis and Osteopenia, decreasing overall bone quality and increasing susceptibility to fracture. 1, 2 Clinical and scientific assessments have focused heavily on bone mineral density (BMD) as the primary assay of bone quality and drug treatment outcomes. However, BMD has demonstrated limitations for predicting bone fracture and understanding the roles of estrogen in bone quality, formation and resorption. [3] [4] [5] In particular, BMD is unable to assess changes in Type I collagen structure that are keys to understanding bone toughness. The structural changes that occur in Type I collagen matrix under conditions of estrogen depletion and drug treatment remain largely unknown. Here we show that the Type I collagen microstructure is altered by estrogen depletion and that this change is largely prevented by treatment with a Cathepsin-K inhibitor (CatKI) and partially prevented with bisphosphonate or estradiol (ERT) treatment. These observations are particularly surprising for the bisphosphonate drug, which was developed to help maintain BMD and represents a new understanding of biochemical activity for this decade-old therapeutic. The ability of an inhibitor of the collagenase cathepsin-K to prevent estrogen-induced changes in Type I collagen microstructure is also previously unknown.
Results
Changes in Type I collagen microstructure and nanomorphology are conveniently measured using atomic force microscopy (AFM). 6, 7 Recent AFM studies indicated changes in the nanomorphology of the Type I collagen fibrils in ovariectomized (OVX) sheep [8] [9] [10] and rats. 11 In order to explore the effect of estrogen depletion and compare efficacy of CatKI and alendronate (ALN) drug treatments, the rabbit OVX model was developed by Merck Inc., as human CatKI's exhibit similar potency for the rabbit enzyme and the adult rabbit skeleton undergoes substantial cortical Haversian remodeling (unlike the rodent). 12 Nine-month-old New Zealand white female rabbits (Data Set I) underwent the following treatments: sham operation þ vehicle (n ¼ 11), ovariectomy þ vehicle (OVX; n ¼ 12), OVX þ 200 mg kg À 1 ALN, 3 Â a week for 27 weeks (n ¼ 12) and OVX þ 10 mg kg À 1 CatKI L-235 daily for 27 weeks. Treatments were initiated 3 days after surgery. Data Set II consisted of 6-month-old New Zealand white female rabbits that underwent the following treatments: sham operation þ vehicle (n ¼ 12), ovariectomy þ vehicle (OVX; n ¼ 12) or OVX þ 0.05 mg kg À 1 ERT 3 Â a week for 13 weeks (n ¼ 12). Treatments were initiated 17 days after surgery. Both studies were performed in prevention mode with drug dosing initiated soon after surgery. Sample sets were stored in 95% ethanol. Rabbit cortical femur samples were polished for 90 s, followed by sonication for 5 min. Demineralization was carried out for 90 min (9-month old) or 120 min (6-month old) using 0.5 M EDTA at pH 8.0. The samples were sonicated for 5 min before imaging. We confirmed that ethanol fixation did not change the overall distribution of collagen fibril D-spacings or microstructure by direct comparison with the analysis of fresh, frozen rabbit bone. AFM images were obtained using tapping mode in air using silicon cantilevers (tip radius 10 nm, force constant 40 N m À 1 and resonance frequency 300 kHz). Details on sample preparation, imaging and image analysis protocols for Type I collagen in bone have been previously published. 6 Images were obtained from locations from across the full 1.00 Â 0.75 cm section of the femur mid-diaphysis (Supplementary Figure S1) . All images were acquired in the plane parallel to the long bone axis and obtained from polished regions 100-300 mm below the bone surface. No variation in the collagen structure was noted as a function of the polishing depth employed. Image acquisition for the mid-diaphysis sections proceeded using the following procedure. First, 30 Â 30-mm scans were obtained in six regions of the 1.00 Â 0.75-cm bone imaging area. These were followed by 10 Â 10-mm scans, and finally the 3.5 Â 3.5 mm scans employed for image analysis. This approach ensured that the nano-to-micro-scale analysis of collagen fibrils was distributed across the 0.75 Â 1.0-cm imaging area. An average of six 30 Â 30-mm scans and thirteen 3.5 Â 3.5-mm scans were obtained per animal. From these regions, the average of 75 fibrils per animal was obtained. The local microstructure about each fibril was examined and coded as either Parallel or Oblique. In a given image area, it is thus possible for both Parallel and Oblique fibrils to be present. Furthermore, the assignment is indicative of a local order between fibrils with a length scale of a few hundred nanometers. The assessment does not provide evidence, one way or the other, of overall micron-to millimeter-scale order as typically measured using X-ray diffraction methods.
Exemplar images highlighting the features observed in the local structural organization of the fibrils are illustrated in Figure 1 . We noted two major qualitative features in the images: (1) Parallel regions of fibrils with subclasses of bundles (3-15 fibrils aligned in parallel with defined edges) and sheets (420 fibrils aligned in a planar, parallel manner); (2) Oblique regions of fibrils exhibiting an angular range of fibril orientation. For all samples, the nanomorphology of individual fibrils, as quantified using the metric of the D-spacing, was measured, and each fibril was coded (blinded of the sample origin) for its local microstructure. Fibrils coded as present in bundles or sheets ( Figure 1a) were grouped together as Parallel regions. A number of other features were also coded including fibril pairs and individual fibrils crossing bundles or sheets (Supplementary Figure S2) . Roughly half of the fibrils observed were present in structures without the same degree of parallel alignment, exhibited a wide range of fiber-fiber angular dispersion and were classified as being present in the Oblique regions (Figure 1b) . A total of 5673 individual fibrils were classified from 1081 3.5 Â 3.5-mm images from a total of 94 animals across the seven experimental groups. The coding and frequency of Parallel and Oblique observations are summarized in Table 1 . In all cases, the Parallel and Oblique codings captured X95% of all measured fibrils. Additional exemplar images for the Sham, OVX, ALN, CatKI and ERT treatments are provided in Supplementary Figure S4 .
To assess the significance of the differences in proportion of fibrils that are in Parallel and Oblique regions by the treatment group, we employed a logistic regression model using generalized estimating equations (GEEs), 13 with correlations between any two pairs of observations within the same animal being constant, estimated from the data. The proportion of each type of fibril was compared for each treatment versus sham using a binary outcome, Y ij , where Y ij ¼ 1 if the fibril was in a given microenvironment (that is, Parallel or Oblique) and Y ij ¼ 0 if the fibril was not, with a logit link function. All s.e.'s were computed using the robust Huber-White estimates. The GEE model that was employed is shown below:
where p ij ¼ probability (Y ij ¼ 1) for fibril I in animal j, b 0 is the intercept and b t fits the effect of treatment t, t ¼ 1 to T, with treatment T being the reference category. Post hoc comparisons of collagen fibril orientations were then carried out between treatment groups, using a Bonferroni correction for multiple comparisons with statistical significance assigned for P-values below 0.05.
Compared with Sham, the OVX-treated animals in Data Set I had a 17% decrease (P-value ¼ 0.0045) in the proportion of fibrils occurring in Parallel structures and an 18% increase (P-value ¼ 0.0026) in the proportion of fibrils occurring in Oblique structures. ALN treatment was previously observed to function as an antiresorptive leading to a BMD higher than that in the vehicle-treated group. 12 In this study, ALN treatment resulted in a frequency of collagen fibril observations intermediate between Sham and OVX values, although the differences in proportions of fibrils in Parallel and Oblique regions in these treatments were not significant. The bone resorption inhibitor CatKI also gave intermediate values for the frequency of collagen fibril observations and showed even less shift from the initial Sham values, with none of the comparisons versus other treatments being significant. Statistically, the changes in the proportion of fibrils in Parallel and Oblique regions for the drug-treated sample were not significantly different from the Sham samples. These data indicate that the drugs prevent the OVX-induced change in the collagen microstructure in addition to their traditionally understood roles of preventing decreases in BMD. For the OVX treatment in Data Set II, an 18% decrease (P-value ¼ 0.0188) was observed in the proportion of fibril Figure S3) . 8, 9 Discussion OVX is a common model used to study the effects of estrogen depletion.
8,9,15-17 Pennypacker et al. 12 applied the OVX model to study osteopenia in rabbits using the samples described herein and demonstrated osteoclastic bone resorption resulting from estrogen depletion. On the basis of the strong positive correlations between the experimental strength parameters and the tissue bone mineral content from animals from the same study, it was demonstrated that there were no obvious treatment-related changes in the material properties of vertebrae and femurs in the OVX rabbits treated with odanacatib or ALN for 27 weeks. Here, we directly examined the effects of estrogen deficiency and two different bone resorption inhibitors at the microfibril structure level and observed changes in the relative frequency of fibril occurrence in local Parallel and Oblique microstructures. The link between increased resorption and the changes reported here to Type I collagen fibril microstructure remains unknown; however, related studies in the literature provide clues to possible mechanisms. In the mouse model, OVX reduces proteoglycan levels. 11 Furthermore, biglycan and decorin knockout mice have abnormal collagen fibril morphologies. 12 We hypothesize that reduced proteoglycan levels perturb the interactions between adjacent fibrils, resulting in a change to the microstructure. Cathepsin-K, a collagenase secreted by osteoclasts, cleaves proteoglycans from the fibril exterior before degrading the primary fibril structure. 18 OVX results in increased osteoclast activity coupled to increased cathepsin-K activity. This is directly countered by the ERT therapy resulting in partial prevention of the collagen fibril microstructure changes. Strikingly, application of CatKI, which can prevent proteoglycan cleavage directly at the level of enzyme activity, gives almost complete prevention of fibril microstructure change. By way of contrast, treatment with a bisphosphonate is known to induce a change to osteoclast cell morphology and eventual cell death. 19 Thus, ALN reduces the amount of bone resorption, but also indirectly lowers the activity of cathepsin-K enzyme, which is consistent with observation that ALN treatment partially prevents changes to Type I collagen microstructure. Recently, Reznikov et al. 20 reported that the human lamellar bone consists of two different materials that differ substantially in terms of collagen fibril order. The connection between our fibril-level local organization classification (Parallel versus Oblique) and their observation of 'ordered' and 'disordered' materials is not clear at this time; however, changes in the relative quantities of the 'ordered' and the 'disordered' materials as a function of estrogen depletion and drug treatment are also a possible explanation of our data. These changes could also be related to the impacts of proteoglycan levels as discussed above.
In summary, a quantitative analysis of Type I collagen fibril organization indicates a significant decrease in fibrils appearing in Parallel structures such as bundles and sheets (18%) and a concomitant increase in fibrils appearing in Oblique structures, on OVX treatment of 6-and 9-month-old rabbits. ALN and ERT drug treatments partially prevent the microstructure changes (12% decrease in Parallel structures), and CatKI treatment Drug treatment impacts collagen microstructure change MA Cauble et al almost completely prevents the structural change (5% decrease in Parallel structures). The change in Type I collagen microstructure induced by OVX is a previously unrecognized aspect of the impact of estrogen depletion on bone quality. In addition, the amelioration of these microstructure changes is a previously unrecognized mechanism of drug activity.
Materials and Methods
All rabbit femur samples were obtained from Merck Research Laboratory, West Point, PA, USA, and treatment of these animals was previously described in detail. 12 Sample preparation and the AFM imaging methods employed in this work have also been described in detail. 6 All imaging was carried out in air using a PicoPlus 5500 AFM (Agilent, Santa Clara, CA, USA) employing tapping mode with VistaProbes T300R probes (NanoScience, Phoenix, AZ, USA; nominal radius 10 nm, force constant 40 N m À 1 , resonance frequency 300 kHz). Line scan rates were set at 2 Hz or lower at 512 lines per frame. Image analysis and measurements were performed using the SPIP software (Image Metrology, Horsholm, Denmark).
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